We previously reported that the prostaglandin E 2 receptor subtype Ptger4b plays a role in ovulation in a teleost species, medaka and that ptger4b mRNA is drastically induced in preovulatory follicles prior to ovulation. The present study focuses on the hormonal regulation of ptger4b mRNA expression using this nonmammalian vertebrate model. Preovulatory follicles that had not been exposed to luteinizing hormone (Lh) in vivo were incubated in vitro with medaka recombinant Lh (rLh), which induced the ptger4b mRNA expression. The addition of trilostane, an inhibitor of 3beta-hydroxysteroid dehydrogenase, strongly inhibited rLh-induced ptger4b expression, and trilostane-suppressed ptger4b expression was restored to the level observed in rLh-treated follicles when 17alpha, 20beta-dihydroxy-4-pregnen-3-one was included in the culture. We determined that the expression of the progestin-activated transcription factor nuclear progestin receptor (Pgr) was also induced by medaka rLh in the follicle and that its expression preceded ptger4b expression. Forskolin treatment induced both pgr and ptger4b mRNA expression in the follicle. Follicular ptger4b mRNA expression was drastically suppressed by RU486, which was demonstrated to compete with 17alpha, 20beta-dihydroxy-4-pregnen-3-one for medaka Pgr in vitro, suggesting a role for Pgr in the expression of ptger4b mRNA. A chromatin immunoprecipitation assay with preovulatory follicles isolated from spawning medaka ovaries demonstrated direct binding of Pgr to the ptger4b promoter. These results indicate that ptger4b expression is regulated by a genomic mechanism involving Pgr.
INTRODUCTION
In the process of ovulation, one or more viable oocytes are shed from mature ovarian follicles in response to a surge of luteinizing hormone (LH) [1, 2] . This process is accomplished by the coordinated activities of many proteins and enzymes, many of which are induced to very high levels by the gonadotropin. Current evidence indicates that as many as 90 genes/proteins may be involved in ovulation [1] . These proteins include steroidogenic enzymes [3, 4] , nuclear progestin receptor (nPR; official symbol, Pgr) [5, 6] , vascular endothelial growth factor [7, 8] , and matrix metalloproteinases and their inhibitors [9] [10] [11] [12] .
Prostaglandins (PGs) are a group of animal hormones that are biosynthesized from C20 unsaturated fatty acids by sequential enzymatic reactions involving cyclooxygenase (COX) and specific synthases [13, 14] . PGs exert a variety of biological activities by binding to their corresponding receptors [15, 16] . The role of PGs in ovulation has been studied intensively in mammalian species [1, [17] [18] [19] . Gene-targeting studies have demonstrated that at the time of ovulation, the dominant ovarian prostaglandin, PGE 2 , is produced by COX-2 (official name Ptgs2) and that the binding of this PG to its receptor EP2 results in the expansion of the cumulus oocyte complex (COC) [20, 21] . The involvement of PGs in ovulation has also been documented for teleost fish [22] [23] [24] [25] [26] [27] [28] , amphibians [29] [30] [31] [32] , and hens [33] . However, the follicular tissue structures are considerably different between mammalian and nonmammalian species. COC is never formed in the ovaries of nonmammalian animals, suggesting that the role of PGs in nonmammalian vertebrate ovulation must be different from their role in COC expansion in mammalian ovulation. Little is currently known about the role of PGs in the process of nonmammalian ovulation.
The small freshwater teleost medaka (Oryzias latipes) is an excellent model system for studies of reproductive biology, particularly of ovulation [34] [35] [36] [37] [38] . Our recent studies using this fish demonstrated that PGE 2 plays an indispensable role in ovulation as indicated by the strong suppression of the ovulation rate by the COX inhibitor indomethacin [39] . The data also demonstrated that Ptgs2 and the PGE 2 subtype 4 receptor EP4b (official name Ptger4b) most likely function as a PGE 2 -producing enzyme and a PGE 2 receptor, respectively, responsible for the effect of PGE 2 on ovulation in fish [39, 40] . Surprisingly, in contrast with previous observations on the inducible nature of the Ptgs2 gene at the time of ovulation in many species including mammals [1, [41] [42] [43] [44] , ptgs2 mRNA expression is not up-regulated in the medaka preovulatory follicle upon ovulation. In contrast, the transcript levels of ptger4b increase dramatically with impending ovulation [38] . Thus, Ptger4b might be a key regulator of medaka ovulation, but not Ptgs2. However, the in vivo mechanism of the induction of ptger4b mRNA expression in preovulatory follicles remains unknown.
The aim of the present study was to gain insight into the endocrine regulation of ptger4b expression in the preovulatory follicles that are destined to ovulate. Therefore, we used an in vitro culture system for the ovulation of postvitellogenic follicles in the presence of medaka recombinant Lh (rLh) [37] . The results demonstrated that medaka rLh is effective in inducing follicular ptger4b expression. The current data demonstrate that the classic Pgr is involved in the expression of ptger4b mRNA.
MATERIALS AND METHODS

Animals and Tissues
This study used adult orange-red variant medaka O. latipes. The fish were maintained and acclimated to the artificial reproductive conditions (14L:10D, 268C) as previously described [39] . Because these fish have a 24 h spawning cycle, they ovulated each day at the start of the light period. In this study, Ovulation Hour 0 corresponds to the start of the light period. Ovaries, ovarian follicles, and other tissues were isolated from the spawning female fish or adult male fish. Animal culture and experimentation were conducted in accordance with the guidelines for animal experiments of Hokkaido University and were approved by the Committee of Experimental Plants and Animals, Hokkaido University.
In Vitro Culture of Dissected Follicles
In the fish having a 24 h spawning cycle, large preovulatory follicles (approximately 1.0 mm in size, postvitellogenic phase, stage IX-X) are exposed to Lh in vivo at 17 h before ovulation [37] , which triggers a series of events leading to oocyte maturation and ovulation. In our in vitro culture experiments, the follicles that had not been exposed to Lh in vivo were used so that in vivo Lh effect would be excluded. The ovaries were removed from the fish 22 h before ovulation, and the preovulatory follicles were immediately isolated by using forceps under a dissecting microscope. The follicles from three to five fish ovaries were pooled and divided into several groups. Approximately 20 follicles were used per incubation. The follicles were placed in a 35-mm diameter culture dish in 4 ml of 90% M199 medium containing 50 lM gentamycin (pH 7.4). Medaka rLh, trilostane (TLS) (Sigma-Aldrich, St. Louis, MO), 17a, 20b-dihydroxy-4-pregnen-3-one (DHP) (Sigma-Aldrich), forskolin (FSK) (Sigma-Aldrich), or RU486 (also known as mifepristone) (Sigma-Aldrich) were added to the culture (Fig. 1) . Incubation temperatures were 268C-278C. The duration of incubation varied, depending on the purpose of the experiment. After incubation, the follicles and/or follicle layers were analyzed for the mRNA and/or protein expression levels of various genes at various time points. These genes of interest included ptgs2, ptger4b, the classic pgr, and cytoplasmic actin (actb). The rates of germinal vesicle breakdown (GVBD) and ovulation were also determined.
RNA Isolation, Reverse Transcription, and Polymerase Chain Reaction
Total RNA isolation and reverse transcription (RT) were conducted as previously described [39] . PCR amplification was performed using a TaKaRa Ex Taq Hot Start Version kit (Takara, Tokyo, Japan) as previously described [39] . The cDNA fractions prepared in this way were then used for cDNA cloning.
FIG. 1.
Induction of ptger4b mRNA expression in the preovulatory follicles by rLh treatment. A) An outline of preovulatory follicle culture experiments carried out in this study. The follicles were isolated from spawning medaka ovaries 22 h before ovulation and incubated with mock-conditioned medium or medaka recombinant Lh (100 lg/ml). The expected timing of the Lh surge, GVBD, and ovulation in vivo and in vitro are shown on the upper line. GVBD and ovulation time under in vitro culture conditions are also shown. TLS, trilostane; DHP, 17a, 20b-dihydroxy-4-pregnen-3-one; FSK, forskolin. Arrowheads indicate the time points of analysis. B) Follicles cultured in vitro in the absence or presence of rLh (100 lg/ml) were collected every 3 h to extract total RNA. Real-time RT-PCR was conducted for transcripts of ptgs2. The expression levels were normalized to those of actb and expressed as the fold change compared to the levels of the À22 h follicles. The results are presented as the mean 6 SEM of five separate experiments. C) Follicles cultured in vitro in the absence or presence of rLh (100 lg/ml) were collected every 3 h to extract total RNA. Real-time RT-PCR was conducted for transcripts of ptger4b. The expression levels were determined as in B. The results are presented as the mean 6 SEM of five separate experiments. D) Preovulatory follicles isolated from spawning medaka ovaries at 22 h before ovulation were incubated in the presence of rLh (100 lg/ml). In some experiments, TLS (25 lM) or TLS (25 lM) þ DHP (0.1 lM) were also included in the culture. After 18 h of incubation, total RNA was extracted from the follicles for real-time RT-PCR analysis of ptger4b mRNA. The fold change compared to the levels of the 0 h follicles are presented as the mean 6 SEM of five separate experiments. Asterisks denote significant differences (P , 0.05).
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Medaka pgr cDNA Cloning A cDNA fragment containing the medaka pgr coding region was amplified by PCR with the ovarian cDNA using KOD-Plus-Neo-DNA polymerase (Toyobo, Tokyo, Japan). The PCR primers are listed in Table 1 . The PCR conditions were 948C for 2 min, followed by denaturation at 948C for 30 sec, annealing at 608C for 30 sec, and extension at 688C for 3 min, for a total of 30 cycles. A 2243 bp fragment of pgr was obtained. The amplified products of pgr were gel purified and ligated into pBluescript II KS(-) (Stratagene, La Jolla, CA), and sequencing confirmed that the nucleotide sequences of the inserted fragments contained the entire coding region.
Luciferase Assay
A cDNA containing the entire coding sequence of medaka pgr was amplified by PCR with KOD-Plus-Neo-DNA polymerase using the cDNA fragment inserted into pBluescript II KS(-) as a template. The primers used for this PCR are listed in Table 1 . The PCR products were gel purified and ligated into the EcoRV site of the pCMV vector tag4 (Stratagene), which had been digested with the same enzyme. The resulting vector, named pCMV-Pgr, was confirmed by sequencing. HEK293T cells were cultured in Dulbecco modified Eagle medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum and 13 penicillin-streptomycin-amphotericin B suspension (Wako, Osaka, Japan). The cells were transfected with pCMV-Pgr, pGL4-MMTV (Promega Corporation, Madison, Germany), a firefly luciferase expression vector containing a partial sequence of mouse mammary tumor virus (MMTV), and pRL, a Renilla luciferase expression vector. Transfections were performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. At 24 h after transfection, the medium was exchanged for fresh medium containing various concentrations of progestins. The progestins used in this experiment were DHP, progesterone (P4) (Sigma-Aldrich), and 17a, 20b, 21-trihydroxy-4-pregnen-3-one (20-S) (Sigma-Aldrich). DHP was routinely used at 10 À7 to 10 À4 M. After the cells were cultured for 24 h, the luminescence of the sample was measured in a Lumat LB9507 (Berthold, Bad Wild Bad, Germany) using the Dual-Luciferase Reporter Assay System (Promega). Firefly luciferase activities were normalized to coexpressed Renilla luciferase activity.
The OLHNI-2 cell line derived from the caudal fins of adult medaka of the HNI inbred strain [45] was purchased from the Riken Bioresource Center Cell Bank (Tukuba, Japan) and cultured in L-15 medium (Invitrogen) supplemented with 10% fetal bovine serum, 13 penicillin-streptomycin-amphotericin B suspension, 2 mM L-glutamine solution (Wako) and 10 mM Hepes buffer (Invitrogen) at 338C. A 419 bp nucleotide corresponding to a region including the partial ptger4b gene promoter (À419 to À1, AB859022 in the DDBJ/ EMBL/GenBank databases) was inserted into the pGL3 firefly luciferase expression vector (Promega). The cells were simultaneously transfected with the pGL3-Ptger4b vector described above and the other two expression vectors, pCMV-Pgr and pRL, using ScreenFect A (Wako). The cells were then incubated in the presence or absence of DHP.
Chromatin Immunoprecipitation
Preovulatory follicles (approximately 200/one group) were isolated from spawning fish ovaries 12 h before ovulation, gently crushed in M199 medium with forceps, and then centrifuged. The precipitates were suspended in 1 ml of phosphate-buffered saline (PBS) and treated with trypsin (0.25% solution containing 1 mM ethylenediaminetetraacetic acid [EDTA]) for 30 min at room temperature with gentle agitation. The reaction mixture was then centrifuged to obtain the precipitates. The precipitates were washed twice with L-15 medium (Invitrogen) and passed through a 100 lm nylon filter (BD Biosciences, Bedford, MA). The resulting filtrates containing both granulosa cells and theca cells were fixed in L-15 medium containing 1% formaldehyde (Wako) for 10 min at room temperature. The fixation reaction was terminated by adding glycine to 0.125 M for 5 min, followed by sedimentation and washing with icecold PBS several times. The samples were lysed with SDS lysis buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS) containing 13Protease Inhibitor Cocktail Set I (Wako) and 13Phosphatase Inhibitor Cocktail Solution II (Wako), and incubated for 10 min on ice. The lysed materials were sonicated on ice six times for 10 sec at 20% output with a 30 sec interval using a SONIFIER 250 advanced (Branson Ultrasonics Corporation, Danbury, CT) to shear the chromatin DNA. The samples were then centrifuged at 13 000 3 g for 10 min, and the resulting supernatants were used for immunoprecipitation. A 5% portion of the supernatant was saved as an input control. The supernatants were diluted 1:9 in dilution buffer (16.7 mM Tris-HCl, pH 8.0, 167 mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100, and 0.01% SDS) and mixed with Protein GSepharose (GE Healthcare, Buckinghamshire, United Kingdom) that had been previously treated with anti-medaka Pgr antibodies (30 lg/ml reaction) for 2 h at 48C. Nonimmune immunoglobulin G served as a negative control. After overnight incubation at 48C, precipitates were obtained by centrifugation. The precipitates were washed one time each with low-salt buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% SDS) and then high-salt buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% SDS). After washing twice with 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA, the resulting precipitates were treated with 1% SDS/ 0.1 M NaHCO 3 at room temperature. After a 30 min incubation, the supernatants were obtained and treated with 0.2 M NaCl for 4 h at 658C. Contaminating proteins were digested with proteinase K (50 lg/ml) for 1 h at 508C. The sheared DNA was finally recovered by DNA extraction. The DNA was analyzed with real-time PCR. To design PCR primers, we initially searched for the sequence corresponding to the 5 0 -flanking region of the ptger4b gene using publicly available medaka genome databases (ENSORLG00000003829), and found that the sequence in the database was incomplete. In this way, the nucleotide sequence of the medaka ptger4b gene 5 0 -flanking region was determined. An 8700 bp 5 0 -flanking region starting at the transcription start site (þ1) has been submitted to the DDBJ/EMBL/GenBank databases under accession number AB859022. Five sets of primers were used ( Table 1 ). The sheared DNA without antibody precipitation was processed by reverse cross-linking and served as an input control. As a positive control, the sheared medaka DNA precipitated with anti-human RNA polymerase II antibody (GTX80341 [20 lg/ml reaction]; GeneTex Inc., Irvine, CA) was analyzed by real-time PCR using a set of primers (Table 1) for the medaka gapdh promoter.
Real-Time RT-PCR
Complementary DNA prepared as described above was used for real-time RT-PCR with a KAPA SYBR FAST ABI Prism qPCR kit (Kapa Biosystems, Woburn, MA) using an ABI 7300 Real-Time PCR System (Life Technologies, Inc., Rockville, MD). The PCR conditions and data analysis were determined according to previously reported procedures [39] . The gene transcript levels in the ovaries or ovarian follicles were normalized using actb. The primers used in this study are listed in Table 1 .
Northern Blot Analysis
Northern blot analysis was performed by a previously reported method [37] . Tissues of adult medaka fish were obtained 3, 12, or 21 h before ovulation. The total RNA was extracted from the tissues, and aliquots (60 lg) of the RNA were separated by formaldehyde agarose gel electrophoresis and blotted onto a Hybond-N þ membrane (GE Healthcare). A cDNA fragment for pgr (nucleotides 1020-1574, registered no. AB854418) was used as a probe. The membrane was hybridized with the 32 P-labeled 555-bp probe. As a control, actb mRNA was detected with a 32 P-labeled 312-bp actb cDNA fragment [39] .
In Situ Hybridization
Probes were obtained by RT-PCR with medaka ovary total RNA using primers for medaka pgr ( Table 1 ). The amplified fragment was used to generate both antisense and sense digoxigenin (DIG)-labeled riboprobes with a DIG RNA Labeling Mix (Roche Diagnostics, Manheim, Germany). The ovaries isolated from mature medaka at 12 h before ovulation were frozen and sectioned at a thickness of 14 lm. The sections were fixed in paraformaldehyde at room temperature for 15 min and acetylated. Prehybridization, hybridization, washing of the sections, and detection with anti-DIG-alkaline phosphatase conjugate were performed as previously described [39] .
Medaka rLh
Medaka rLh was produced in Chinese hamster ovary k-1 cells as previously described [37] with a slight modification. In brief, cells stably expressing medaka rLh were cultured in F-12 medium (Wako) for 7 days. The conditioned medium was then collected and concentrated 20-fold. The protein concentration of the concentrated rLh samples was 4 mg/ml. In this study, the rLh samples were used without further purification.
Preparation of Antibodies
A 2004 bp cDNA coding for the complete Pgr protein (667 residues) was generated by RT-PCR and ligated in-frame to the EcoRI and XhoI sites of the vector pET30a (Novagen, Madison, WI). The protein antigen was produced using the bacterial expression system in the pET30a vector. Recombinant proteins eluted from a Ni 2þ -Sepharose column were injected into mice according to a previously described method [37] . After four booster injections of the antigen every 2 wk, antisera were obtained. The antiserum and nonimmune serum were used directly in Western blot and immunohistochemical analyses. Specific Pgr antibody was affinity-purified using a membrane on which pure antigen was blotted and used for the chromatin immunoprecipitation (ChIP) assay. Anti-medaka Actb was prepared as previously described [36] .
Western Blot Analysis
Intact large preovulatory follicles isolated from adult fish ovaries were immediately used for analysis. The follicles incubated in vitro with various reagents in the presence of medaka rLh were also analyzed. Intact or treated follicles were crushed with forceps in 50 mM Tris-HCl buffer (pH 8.0), and the resulting follicle tissues were centrifuged at 13 000 rpm for a few seconds. The precipitated tissues were suspended in the same buffer and centrifuged at 1000 rpm for 5 min. After repeating this washing step, the deyolked tissues were lysed in 50 mM Tris-HCl buffer (pH 8.0) containing 1% SDS and used for SDS-PAGE/Western blot analysis. Immunoblotting with Immobilon polyvinylidene fluoride membrane was performed following standard procedures. Diluted antisera for medaka Pgr (31000 dilution) and Actb (31000 dilution; control) were used as primary antibodies. Signals were detected using an Immobilon Western kit (Millipore, Bedford, MA). The protein concentration was determined using a Pierce BCA Protein Assay Reagent kit (Thermo Fischer Scientific, San Jose, CA).
Immunohistochemical Analysis
Ovaries were dissected from spawning medaka 12 h before ovulation and fixed in 0.2 M phosphate buffer (pH 7.4) containing 4% paraformaldehyde (Wako). After dehydration, the specimens were embedded in paraffin and sectioned at 5 lm thickness. Paraffin sections preparation, treatment with H 2 O 2 , and blocking with Block Ace (Dainippon Sumitomo Seiyaku Inc., Osaka, Japan) were performed as previously described [36] . The sections were incubated with the primary antisera (anti-Pgr, 3100 dilution in PBS) for 60 min and washed three times in PBS. The sections were then incubated for 60 min with a Dako EnVisionþ System-HRP Labeled Polymer Anti-mouse (34 dilution in PBS) (Dako, Copenhagen, Denmark) and washed three times in PBS. Signals were detected using an AEC kit (Vector Laboratories, Burlingame, CA). Sera obtained from normal mice were used as a control.
Phylogenetic Analysis
All PGR/Pgr sequences were searched for similarity using PSI Blast with medaka Pgr on the Web servers of the National Center of Biotechnology Information (NCBI). They were aligned with the medaka Pgr sequence by CLUSTALW, and percentage identity was calculated. A phylogenetic tree was constructed from the aligned sequences using the PhyML program as previously described [46] . The NCBI gene sequences used are as follows: AB854418, NP_001159807, AAG42362, AAA49013, NP_000917, BAA89539, BAB85993, and BAF91193.
Statistical Analysis
Results were expressed as the mean 6 SEM. Data were analyzed using a one-way ANOVA followed by the Tukey post hoc test or a Student t-test when comparing only two conditions. P , 0.05 was considered statistically significant.
RESULTS
Effect of rLh on the Expression of ptgs2 and ptger4b mRNA in the Preovulatory Follicle of the Medaka Ovary
Preovulatory follicles isolated from fish ovaries 22 h before ovulation, falling before the endogenous Lh surge, were HAGIWARA ET AL. incubated in the presence of rLh (Fig. 1A) . Exposure to the gonadotropin resulted in a slight increase in the expression of ptgs2 mRNA after approximately 21 h of incubation, although this increase was not significant (Fig. 1B) . In contrast, the levels of ptger4b mRNA were remarkably elevated by rLh, with a maximum at 18 h (Fig. 1C) . Next, we examined the effect of TLS, an inhibitor of 3b-hydroxysteroid dehydrogenase [47] , on rLh-stimulated ptger4b mRNA expression. The addition of the inhibitor into the culture completely suppressed rLh-induced ptger4b expression (Fig. 1D) . TLS-suppressed ptger4b expression was restored to the level observed for rLhtreated follicles when DHP was added to the culture together with TLS.
Cloning of Medaka pgr cDNA
Knowing that DHP is an essential factor for ptger4b mRNA expression in the rLh-treated preovulatory follicle, we hypothesized that Pgr might be involved in the rLh induction of ptger4b expression. An Ensembl database [48] search suggests that medaka contains one pgr gene. The medaka Pgr sequence available from the NCBI Sequence Database [49] was found to be approximately 30 residues shorter than those of other vertebrates. Sequence alignment analysis revealed that the C-terminal half of the DNA-binding domain of Pgr was deleted, suggesting that this putative protein might not be functional. Therefore, a pgr cDNA clone (2243 bp) was isolated from the ovary of spawning medaka in this study. This clone coded for a protein with a 667-residue amino acid sequence. Like PGRs/Pgrs from other vertebrate species [50] [51] [52] [53] [54] [55] [56] [57] [58] , medaka Pgr has five functional modules, an N-terminal A/ B domain, the DNA-binding domain (C), a hinge region (D), and a ligand-binding domain (E). When the amino acid sequence of the fish Pgr was compared with those of other species, the DNA-binding domain and ligand-binding domain exhibited high sequence homology: 91-97% amino acid identity for the DNA-binding domain and 66-85% amino acid identity for the ligand-binding domain ( Fig. 2A) . A phylogenetic analysis of PGRs/Pgrs revealed that medaka Pgr clustered (Fig. 2B) , consistent with the results of previous studies [53, 54] .
Expression of pgr mRNA and Pgr Protein in Medaka Tissues
Transcripts of pgr (2.8 kbp) were only detectable in the ovary at 12 h but not 3 h before ovulation (Fig. 3A) , suggesting cyclic ovarian expression of this gene throughout the 24 h spawning period. A very weak signal was also observed in the testis. Expression of pgr mRNA in the ovary was greatest in the intermediate period of the 24 h spawning cycle. Strong pgr mRNA signals were detected in the ovaries of spawning medaka between 19 and 7 h before ovulation (Fig. 3B) . Medium-sized follicles from À47 (vitellogenic phase, stage VII) to À31 h (postvitellogenic phase, stage VIII) of ovulation expressed little or no detectable pgr transcripts (Fig. 3C) .
However, large-sized follicles (postvitellogenic phase, stage IX-X) isolated within 24 h before ovulation displayed an increased expression of pgr mRNA starting at À19 h with a maximum at À11 h of ovulation. Western blot analysis using diluted anti-medaka Pgr antiserum, but not normal serum, detected a 71.3 kDa protein in the extracts of preovulatory follicles and of the follicular layers 12 h before ovulation (Fig.  3D) . Pgr was detected in the layers between 11 and 3 h before ovulation (Fig. 3E) . These results indicate that pgr mRNA and the protein are expressed in the large preovulatory follicles that are destined to ovulate.
Localization of pgr mRNA and Pgr Protein in the Fish Ovary
In situ detection of pgr mRNA was conducted using ovaries isolated 12 h before ovulation. The antisense probe for pgr   FIG. 3 . Expression of pgr mRNA and Pgr protein in the medaka ovary. A) Northern blot analysis of pgr mRNA was conducted using the total RNA of various medaka tissues. The tissues used were isolated from adult fish at 3 h (ovary), 12 h (ovary), or 21 h (testis, brain, liver, intestine, and spleen) before ovulation in a 24 h spawning period; actb transcripts were measured as a control. Aliquots of 60 lg of total RNA were loaded per lane. The reproducibility of the findings was confirmed by conducting two separate experiments, and the results of one experiment are presented. B) Northern blot analysis of pgr mRNA was conducted using the total RNA isolated from large preovulatory follicles of spawning female fish ovaries; actb transcripts were measured as a control. The reproducibility of these findings was confirmed by conducting two separate experiments, and the results of one experiment are presented. C) Real-time RT-PCR for pgr was conducted using the total RNA (2.5 lg each) isolated from ovarian follicles every 4 h during the last 48 h before ovulation. Follicles isolated at 47, 43, 39, 35, 31 , and 27 h before ovulation were in the late vitellogenic phase, whereas those at 23, 19, 15, 11, 7 , and 3 h before ovulation were in the postvitellogenic phase. The expression levels of pgr mRNA were normalized to that of actb and expressed as the fold change versus the level of the À47 h follicle. The results are presented as the mean 6 SEM of five separate experiments. D) Preovulatory follicles were isolated from spawning fish ovaries 12 h before ovulation and used to prepare tissue extracts of whole follicles (left panel) or follicle layers (right panel). SDS-PAGE/ Western blot analysis was performed using a specific anti-medaka Pgr antibody. The antiserum (Ab) and nonimmune serum (Control) were used after 1000-fold dilution in PBS. Samples of approximately 25 and 5 lg per lane were loaded on the gel for the whole follicle and layer extracts, respectively. The reproducibility of these results was confirmed by conducting three separate experiments, and the results of one experiment are presented. E) Preovulatory follicles were isolated at the indicated time points from the spawning fish ovaries, and the follicle layers were then obtained by physical dissection. Extracts of the follicle layers were prepared and subjected to SDS-PAGE/Western blot analysis using the Pgr antibody. Aliquots of 5 lg of protein were applied per lane. Actb protein was also detected as a control. Three separate experiments were performed to confirm the reproducibility of the findings, and the results of one experiment are presented.
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exclusively stained the follicle layer of large preovulatory follicles (Fig. 4A , arrows in the left and middle panels). No detectable staining was observed with the sense probe (Fig. 4A , right panel), indicating that the antisense probe was suitable for specific pgr mRNA detection.
We next detected Pgr protein by immunohistochemical analysis using anti-medaka Pgr antibody. Signals were found in the follicle layer of large-sized preovulatory follicles and in the oocyte cytoplasm of small growing follicles with diameters less than 300 lm (Fig. 4B, left panel) . Enlarged images of the follicle layer revealed stronger positive signals in the granulosa cells than in the theca cells (Fig. 4B, middle panel) , indicating that the granulosa cells are responsible for the dominant portion of Pgr expression. The control mouse serum exhibited no signal (Fig. 4B, right panel) , confirming the specificity of the antibody.
In Vitro Induction of pgr mRNA and Pgr Protein Expression by rLh in the Preovulatory Follicle
The levels of pgr mRNA expression were very low in the follicle incubated in the absence of rLh, whereas the transcript levels were dramatically enhanced by rLh, peaking 12 h after the start of the incubation (Fig. 5A) . Synthesis of Pgr in the follicles treated with rLh in vitro was confirmed by Western blot analysis (Fig. 5B) . These results indicate that similar to ptger4b, the expression of pgr mRNA is induced by Lh.
Effects of DHP and FSK on ptger4b and pgr mRNA Expression in the Preovulatory Follicle
We examined the effects of DHP, medaka maturationinducing hormone, and FSK, an activator of adenylyl cyclase, on the expression of ptger4b and pgr mRNA using an in vitro follicle culture system. For ptger4b expression, the preovulatory follicles isolated at À22 h were incubated for 18 h with DHP or FSK (Fig. 1) . DHP alone had no effect on the induction of ptger4b expression in the follicle (Fig. 5C ), whereas ptger4b mRNA expression was induced by FSK. Follicles incubated with rLh exhibited reduced ptger4b mRNA expression when DHP was included in the medium. To further examine the effect of the steroid hormone on the follicular ptger4b expression, the time-courses of the receptor mRNA levels were compared using rLh-stimulated preovulatory follicles incubated with or without external addition of DHP (Fig. 5D) . Expression of ptger4b mRNA was induced in the rLh-stimulated follicles irrespective of whether DHP was externally added to the incubation medium. The maximal levels of ptger4b expression were comparable between the follicles treated with rLh alone and those treated with both rLh 
Ptger4b EXPRESSION AT OVULATION IN MEDAKA OVARY
and DHP. However, the follicular expression of ptger4b mRNA occurred 6 h earlier in the presence of DHP; after a 6 or 12 h incubation, rLh-treated follicles expressed ptger4b mRNA at higher levels in the presence of DHP compared with the follicles without DHP, while after 18 h, the levels of ptger4b expression in the follicles incubated with or without DHP were reversed. These results indicate that external addition of DHP stimulates ptger4b transcription in the rLh-treated follicles incubated for 6 and 12 h. DHP and FSK were also tested in vitro for their effects on the expression of pgr mRNA in the preovulatory follicle after 12 h of incubation. Treatment of the follicle with FSK but not DHP resulted in a drastic induction of pgr mRNA expression (Fig. 5E) . The follicles incubated in the medium containing both rLh and DHP expressed ptger4b mRNA at levels comparable to that in the presence of rLh. Unlike ptger4b follicular expression, the time of pgr mRNA expression did not change to a detectable level (data not shown). Preovulatory follicles incubated with rLh for 30 h ovulated with an ovulation rate of approximately 75% (Fig.  5F ), confirming our previous results [37] . Neither DHP nor FSK induced follicle ovulation. The addition of DHP did not affect the in vitro ovulation rate of rLh-treated follicles.
The above results indicate that the activation of the cAMP pathway is closely associated with the induction of ptger4b and pgr mRNA expression in the Lh-stimulated follicles. These results also indicate that DHP may be an important factor contributing to the expression of ptger4b mRNA in the follicle, but not pgr mRNA.
Role of Pgr in the Expression of ptger4b mRNA in the Preovulatory Follicle
To further gain insight into the relationship between Pgr and ptger4b mRNA expression in the preovulatory follicle, we investigated whether the Pgr agonist/antagonist RU486, which also acts as a powerful antiglucocorticoid and a weak FIG. 5 . Effects of rLh, DHP, and FSK on the expression of ptger4b and pgr mRNA in the preovulatory follicle. A) Preovulatory follicles were isolated from spawning medaka ovaries 22 h before ovulation and incubated with medaka rLh (100 lg/ml). Total RNA was extracted from the in vitro incubated follicles taken every 3 h and used for real-time RT-PCR analysis of pgr mRNA. The expression levels were normalized to that of actb and expressed as the fold change compared to the levels of the À22 h follicles. The results are presented as the mean 6 SEM of five separate experiments. B) The follicles cultured with or without rLh were collected at the indicated time points. After the yolk was removed by pressing and then washing the follicles several times, the residual follicle tissues were used for extraction. The extracts were analyzed by SDS-PAGE/Western blot analysis using a specific antibody for medaka Pgr. The reproducibility of the results was confirmed by repeating the experiments three times, and the results of one experiment are presented here. C) Preovulatory follicles isolated from spawning medaka ovaries 22 h before ovulation were incubated with or without rLh. DHP (0.1 lM) or FSK (1 lM) were added to the incubation medium. After 18 h of incubation, total RNA was extracted from the follicles and used for real-time RT-PCR of ptger4b mRNA. The expression levels were normalized to actb mRNA expression. The fold changes compared to the levels of the 0 h follicles are presented as the mean 6 SEM of five separate experiments. Asterisks denote significant differences (P , 0.05). D) Preovulatory follicles isolated from spawning medaka ovaries 22 h before ovulation were incubated with rLh in the presence or absence of DHP (0.1 lM). After 0, 6, 12, or 18 h incubation, real-time RT-PCR of ptger4b mRNA was conducted. The total RNA extraction, normalization of the expression levels, and data presentation (n ¼ 5) are the same as in C. E) The preovulatory follicles were cultured as in C except that the incubation time was 12 h. The total RNA was isolated from the follicles and used for real-time RT-PCR of pgr expression. After the expression levels were normalized to actb, the fold changes compared to the levels of the 0 h follicles were determined. These results are presented as the mean 6 SEM of five separate experiments. F) The ovulation rate was determined for the follicles cultured in media containing various substances for 30 h. These results are presented as the mean 6 SEM of five separate experiments.
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antiandrogen in mammals [59] [60] [61] , may affect ptger4b expression in the medaka follicle. To this end, we first characterized medaka Pgr for its specificity toward the three progestins DHP, P4, and 20-S by a reporter gene assay using HEK293T cells transfected with pCMV-Pgr, pGL4-MMTV, and pRL vectors. All the progestins induced luciferase activity via Pgr (Fig. 6A) with EC 50 values of 2.97 6 0.58 (10 À8 M, n ¼ 7) for DHP, 2.04 6 0.24 (10 À7 M, n ¼ 7) for P4, and 3.52 6 0.72 (10 À7 M, n ¼ 7) for 20 b-S. Next, we examined whether RU486 might interact with Pgr. The addition of RU486 to the medium at concentrations greater than 10 À6 M resulted in the inhibition of DHP-activated luciferase activity (Fig. 6B) . The value of IC 50 was calculated to be 4.45 6 0.64 (10 À6 M, n ¼ 7). These results suggest that this compound acts as a PGR antagonist.
The rLh-stimulated in vitro follicle ovulation was suppressed as the RU486 concentration was increased; ovulation was inhibited approximately 90% by 10 À4 M RU486 (Fig. 6C ). In the presence of 10 À4 M RU486, rLh-induced follicular expression of ptger4b mRNA was strongly inhibited (Fig. 6D) . No difference was observed in the expression level of Pgr between the RU486-treated and control follicles after the 12 h incubation (data not shown), indicating that RU486 had no effect on the expression of Pgr in the rLh-stimulated follicles. RU486 also had no effect on the extent of oocyte maturation (Fig. 6E) .
Evidence for the Binding of Pgr to the Promoter Region of the ptger4b Gene
We examined the possibility that Pgr directly binds to the promoter region of ptger4b by performing a ChIP assay using the preovulatory follicles isolated 12 h before ovulation (Fig.  7A) . Among the five primer sets used, Pgr recruitment to the FIG. 6. Effect of RU486 on ptger4b expression, oocyte maturation, and ovulation in the preovulatory follicle. A) HEK293T cells were transiently cotransfected with the pCMV-Pgr and pGL4-MMTV vectors. The cells were incubated for 24 h with increasing concentrations of progestins. Extracts of the treated cells were then prepared and assayed for luciferase activity. Relative enzyme activities are shown by setting the activity of the extract without steroid hormone as 1. Each point represents the mean 6 SEM of seven independent experiments. B) HEK293T cells transiently cotransfected with the pCMV-Pgr and pGL4-MMTV vectors were incubated in media containing DHP (1 lM) and increasing concentrations of RU486 (10 À8 to 10 À4 M) for 24 h. Extracts of the treated cells were then prepared and assayed for luciferase activity. Relative enzyme activities were determined, and the results are expressed as the percent inhibition of the transactivational activity of Pgr by RU486. Each point represents the mean 6 SEM of seven independent experiments. C) Preovulatory follicles isolated from spawning medaka ovaries 22 h before ovulation were incubated in the presence of rLh with increasing concentrations of RU486 for 30 h, and then the rate of ovulation was determined. The results are presented as the mean 6 SEM of six separate experiments. Asterisks denote significant differences (P , 0.05). D) Preovulatory follicles isolated from spawning medaka ovaries 22 h before ovulation were incubated with rLh alone or with rLh þ RU486 (10 À4 M) for 21 h, and real-time RT-PCR analysis of ptger4b mRNA expression was conducted using the total RNA isolated from the follicles. After normalizing the expression levels to actb, the fold changes compared to the levels of the 0 h follicles were determined. These results are presented as the mean 6 SEM of five separate experiments. Asterisks denote significant differences (P , 0.05). E) Preovulatory follicles were treated as in D for 21 h and assessed for oocyte maturation. The rates of completion of GVBD were determined, and the results are presented as the mean 6 SEM of five separate experiments.
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promoter was observed with the primer set 1 (designed to amplify a 120 bp fragment from À242 to À123) and primer set 2 (designed to amplify a 125 bp fragment from À893 to À769). The binding activity of Pgr to the À200 bp region was approximately three times greater than that to the À800 bp region. Using the primer set 1, ChIP assays were further conducted with the preovulatory follicles isolated 16, 12, and 4 h before ovulation. The 120 bp nucleotide fragment was amplified in follicles obtained 12 h before ovulation (Fig. 7B) . Finally, we examined the binding of Pgr to the ptger4b promoter using OLHNI-2 cells. The cells were simultaneously transfected with three expression vectors, pCMV-Pgr, pGL3-Ptger4b, and pRL, and then treated with or without DHP. A dose-dependent increase in luciferase activity did not occur with increasing Pgr concentration in the absence of DHP (Fig.  7C) . The transcriptional activity was detected with the extracts of cells incubated with DHP, suggesting that the Pgr-mediated transcription of the medaka ptger4b gene is ligand-dependent. We conducted similar in vitro transcriptional assay experiments using mammalian cells including COS-7 cells, HEK293T cells, and Chinese hamster ovary cells, but failed to detect luciferase activities in any of these cell extracts (data not shown).
DISCUSSION
This study investigates the mechanism of drastic induction of ptger4b mRNA expression in the preovulatory follicle upon medaka ovulation. The results demonstrate that the expression of ptger4b mRNA in the follicle is induced by the gonadotropin Lh using the in vitro follicle culture system. Furthermore, these data show that rLh-induced expression of ptger4b mRNA was mediated by the transcription factor Pgr.
Previous studies using gene knockout technology in mice demonstrate that PGR is essential for LH-dependent follicle rupture during ovulation in mice [62] . Subsequent studies revealed that the expression of many ovulation-related genes is under the control of PGR in mammals [6] . The above findings derived from studies using mammalian species prompted us to investigate the role of Pgr in Lh-induced expression of the ptger4b gene. Several results in this study highlight the importance of Pgr in follicular ptger4b mRNA expression: 1) pgr/Pgr and ptger4b were both induced in the follicle by rLh treatment in vitro; 2) the depletion of intrafollicular DHP, the presumed physiological Pgr ligand in medaka [63, 64] , by TLS treatment drastically decreased ptger4b expression; 3) the expression of pgr/Pgr preceded the ptger4b mRNA expression in the preovulatory follicle both in vitro and in vivo; 4) the level of rLh-induced ptger4b mRNA expression was drastically reduced when the preovulatory follicle was treated with the Pgr Asterisks denote significant differences (P , 0.05). B) Preovulatory follicles isolated 16, 12, or 4 h before ovulation were used for a ChIP assay using the primer set 1. Other procedures were the same as in A. The results are presented as the mean 6 SEM of three separate experiments. Asterisks denote significant differences (P , 0.05). C) Transcription assays were conducted using medaka OLHNI-2 cells. The cells were transiently cotransfected with pGL3-Ptger4b and pRL, along with increasing amounts of pCMV-Pgr vector. After 24 h incubation, the cells were further treated with or without DHP (1 lM) for 24 h. Extracts of the treated cells were assayed for luciferase activity. Relative enzyme activities are shown by setting the activity of the extract without Pgr (0 ng) and DHP at 1. The results are presented as the mean 6 SEM of six separate experiments. Asterisks denote significant differences (P , 0.05).
HAGIWARA ET AL. antagonist RU486; and, more importantly, 5) direct binding of Pgr to the promoter region of the ptger4b gene was observed.
Two PGR protein isoforms exist in mammals, PGR-A and PGR-B. These isoforms are generated from a single PGR gene as a result of the presence of two distinct translation initiation sites [65] . In medaka, only one form of Pgr is translated. A single-band 2.8 kb transcript in Northern blot analysis and a 71.3 kDa polypeptide in Western blot analysis were reproducibly detected. Hanna et al. [53] detected the Pgr protein with a molecular mass of 69 kDa in zebrafish ovaries.
A growing body of evidence indicates that DHP acts through binding to cell surface membrane-bound progestin receptors (mPRs) to initiate rapid intracellular signaling and biological responses [66] . A recent study demonstrated that in addition to a critical physiological role in the meiotic maturation of fish oocytes, mPRs also act as intermediaries in progestin signaling in the follicle cells surrounding the oocyte in Atlantic croaker [67] . Indeed, we observed that in the medaka ovary, transcripts of mPRa (official name, paqr7) but not mPRb (paqr8) or mPRc (paqr5) were expressed in the somatic cell layers of the preovulatory follicles (our unpublished observation). The mPRa mRNA expression levels were found to be relatively constant in the preovulatory follicle during the 24 h spawning cycle of the medaka, indicating that mPRa may always be present on the surface of the follicle cells. However, as shown in Fig. 5C , the treatment of the preovulatory follicles with DHP alone did not induce ptger4b mRNA expression. These findings argue against the idea that mPRa may play a role in ptger4b expression in the follicle cells, although we cannot presently completely exclude the possibility of mPRa involvement.
As mentioned above, ptger4b mRNA expression follows that of pgr in the preovulatory follicles. The level of pgr mRNA was found to be the highest approximately 11 h before ovulation in a 24 h spawning cycle, whereas ptger4b mRNA levels peaked at around the time of ovulation in vivo [39] . In the in vitro culture of the preovulatory follicles in the medium supplemented with rLh, an approximately 6 h delay of ptger4b mRNA expression was observed compared with the timing of pgr expression (this study). Our current data indicate that similarly to rLh, FSK induced the expression not only of the pgr gene but also of the ptger4b gene. These findings suggest that rLh-induced expression of these genes requires the activation of adenylyl cyclase, which synthesizes cAMP. This idea is consistent with the general belief that the LH receptor signals predominantly via Gs protein to activate adenylyl cyclase and increase intracellular cAMP levels in a wide variety of vertebrate species, including mammals [68] , chickens [69] , and teleosts [70] [71] [72] .
RU486 is a well-known Pgr antagonist that inhibits ovulation in mice [73] and rats [74] [75] [76] . Inhibition of ovulation by the same compound was recently reported for Xenopus laevis [77] . In the present study, we observed that RU486 inhibited medaka ovulation in a dose-dependent manner using the in vitro rLh-induced ovulation system of medaka preovulatory follicles. Because the gonadotropin-induced follicular expression of ptger4b mRNA was drastically suppressed by RU486 treatment and because Ptger4b has been recently demonstrated to play an essential role in fish ovulation [39, 40] , it is reasonable to speculate that the reduced ovulation rates of RU486-treated follicles would be caused, in part, by the deterioration in the Lh-induced synthesis of Ptger4b involving the transcription factor Pgr. In contrast, the rate of GVBD was not affected by RU486 treatment, suggesting that mPRs involved in the meiotic maturation of fish oocytes may be insensitive to the antagonist. This finding is consistent with recent studies documenting that RU486 does not bind to sea trout or human mPRa [78, 79] . Previous studies have established that RU486 is also a powerful antiglucocorticoid and a weak antiandrogen in mammals [59] [60] [61] . Inhibition of follicle ovulation and Lh-induced ptger4b mRNA synthesis by RU486 is probably not attributed to its antiglucocorticoid or antiandrogen activities.
Note our finding that external addition of DHP advanced the time of ptger4b mRNA expression in the rLh-treated follicle in vitro. This effect of the external addition of DHP can be explained as follows. Once Pgr was generated in the follicle cells in response to rLh, the progestin receptor was able to immediately associate with DHP, which was present in large amounts in the culture. This would promptly trigger the transcription of the ptger4b gene. In contrast, in the culture of rLh-treated follicles without externally added DHP, the follicle cells would take some time to produce DHP to a high enough level to activate Pgr. We presume that differences in the availability of DHP would have led to differences in the timing of follicular ptger4b mRNA expression under these two different conditions. The advancement of the timing of ptger4b expression by extrinsic DHP in the rLh-treated follicle suggests a role for this steroid hormone in Pgr-mediated expression of the ptger4b gene.
DNA binding by steroid receptors is generally liganddependent [80] , although some human genes have been reported to be regulated by unliganded PGR [81] . Our current data are consistent with the idea that medaka Pgr acts as a transcription factor for ptger4b gene expression in a liganddependent manner. Our finding that fish Pgr requires DHP to exert its effect on the expression of ptger4b in the in vitro luciferase assay using OLHNI-2 cells is relevant for this hypothesis. However, it remains to be determined whether liganded Pgr also binds to the promoter region of the ptger4b gene upon transcription under in vivo conditions. In this context, our attempts to examine whether medaka Pgr acts on ptger4b transcription in a DHP-dependent or DHP-independent manner were not successful if mammalian cells were used. This may be due to the lack of species-specific transcription factor(s) necessary for medaka ptger4b expression.
In vivo binding of Pgr to the ptger4b promoter was demonstrated by a ChIP assay using the preovulatory follicles isolated 12 h before ovulation. The current data indicate that Pgr may bind to the ptger4b promoter at À893 to À123. There is no perfect palindromic progesterone response element (PRE) site [82, 83] in the promoter of the medaka ptger4b gene. However, we found one potential PRE half-site (5 0 -TGTTCT-3 0 located at À329 to À323) in the sequence. This fact leads us to speculate that the binding of Pgr to the PRE half-site might be an important step in the induction of ptger4b mRNA expression in follicles predicted to ovulate. Further detailed studies are required to determine whether this site is indeed critical for Pgr-induced expression of the ptger4b gene in the follicles.
We found that FSK treatment of the preovulatory follicles induced pgr/Pgr and ptger4b expression. This observation implies that this compound appears to mimic the actions of Lh. However, the follicles treated with FSK failed to ovulate, indicating that FSK is not potent enough to induce the follicles to ovulate. It is obvious that numerous genes must be activated in the preovulatory follicle to ensure successful ovulation. Activation of all ovulation-related genes could be accomplished by Lh stimulation, but only a limited number of such genes were activated when the preovulatory follicles were treated with FSK alone. Note that in rat [84] and mouse granulosa cells [85] , the expression of PGR mRNA is induced Ptger4b EXPRESSION AT OVULATION IN MEDAKA OVARY by FSK. This fact strongly suggests a common mechanism governing the expression of PGR/pgr gene expression throughout vertebrates. However, unlike mammalian PGR, the induction of pgr mRNA by FSK was not blocked by the Akinase inhibitor H-89 in the follicles of the fish (our unpublished observations), indicating the presence of a distinct mechanism of gene expression for the progestin receptor in fish. We are currently conducting studies addressing the detailed endocrine mechanism of pgr expression in medaka.
Our previous [39, 40] and current data allow us to propose a model for the expression of the Ptger4b receptor in the Lhprimed medaka preovulatory follicle destined to undergo ovulation (Fig. 8) . Postvitellogenic follicles in the fish ovary undergo Lh stimulation at approximately 17 h before ovulation [37] . The Lh receptor, which is localized on the surface of granulosa and theca cells of the follicles [37] , is activated by the gonadotropin. This brings about Gsa activation, followed by adenylyl cyclase activation, resulting in an increase in the intracellular cAMP concentration. A rise in cAMP concentration in the follicle cells simultaneously leads to the activation of at least two biological pathways: steroidogenesis and pgr gene expression. The steroidogenic pathway, which is active in the production of estradiol-17b in the follicle before the Lh surge, would be modulated to actively produce DHP [63, 86] , with the maximal DHP level occurring approximately 14 h before ovulation [87] . There is a general understanding that both the granulosa and theca cells are involved in the synthesis of the steroid hormone in teleost fish, including salmonids [88] , but in this model, we assume that granulosa cells alone are capable of producing DHP at this stage. A previous study documented that medaka denuded oocytes underwent maturation in response to gonadotropin when cocultured with isolated granulosa cells [88] . In parallel, transcription and translation of the pgr gene are elicited by increased intracellular cAMP levels in the follicle cells. This event most likely occurs in the granulosa cells because Pgr has been demonstrated to be associated with these cells (Fig. 4B) . Pgr produced within several hours after the Lh surge may bind with DHP, which is presumed to be present at a high enough level in the follicle at this time [87] . Activated Pgr, in turn, functions as a critical transcription factor for ptger4b gene expression. However, direct evidence for the binding of DHP-bound Pgr to the promoter in vivo has not been provided in support of this model. No information is currently available on when Ptger4b appears on the cell surface of the granulosa cell, as the protein could not be detected. However, our previous study using the antagonist as a receptor suggests that Ptger4b functions at or shortly before the time of ovulation [40] . In this model, based on our previous finding using immunohistochemical analysis that the Ptgs2 protein was mainly localized to the theca cells of the large preovulatory follicle [38] , we assume that theca cells predominantly produce PGE 2 .
A large number of ovulation-related genes induced by LH have been identified in mammals (1, 6) . In teleosts, various genes and gene products are known to be induced at or around the time of ovulation: trout ovulatory protein-2 mRNA [89, 90] , amago salmon 20b-hydroxysteroid dehydrogenase activity [91] , medaka star and cyp17a1 mRNA [88] , rainbow trout serine proteinase 23, adam22, cscl14, fgf2, and ace2 mRNA [92] , and channel catfish cyp11a, cyp17a1, cyp19, and hsd3b mRNA [93] . More recently, we have identified ptger4b [38, 39] and mmp15 [37] as ovulation-related genes in medaka. The present study provides evidence that Pgr is involved in the expression of ptger4b mRNA in medaka ovaries. To the best of our knowledge, ptger4b is the only gene that has been experimentally verified to be under the control of Pgr during ovulation in any teleost species. A recent study has demonstrated that RU486 acts as an antagonist of zebrafish Pgr and that it inhibits DHP-stimulated 11-ketotestosterone production in the testis [54] , suggesting that 11b-hydroxysteroid dehydrogenase was stimulated by DHP via Pgr.
In summary, this study explored the mechanisms of ptger4b mRNA expression by employing an in vitro follicle ovulation system in medaka. Our data indicate that ptger4b mRNA expression is dramatically induced by rLh-and Pgr-dependent mechanisms in the granulosa cells of preovulatory follicles nearing ovulation. To the best of our knowledge, this study is the first to report that Pgr is directly involved in the expression of the ovulation-related gene ptger4b for teleost species. Information obtained from the present study will help to elucidate the molecular basis of ptger4b gene expression in the granulosa cells of preovulatory follicles in medaka.
